Expression profiling and genomic sequencing methods enable the accumulation of vast quantities of data that relate to the expression of genes during the maturation of male germ cells from primordial germ cells to spermatozoa and potential mutations that underlie male infertility. However, the determination of gene function in specific aspects of spermatogenesis or linking abnormal gene function with infertility remain rate limiting, as even in an era of CRISPR analysis of gene function in mammalian models, this still requires considerable resources and time. Comparative developmental biology studies have shown the remarkable conservation of spermatogenic developmental processes from insects to vertebrates and provide an avenue of rapid assessment of gene function to inform the potential roles of specific genes in rodent and human spermatogenesis. The vinegar fly, Drosophila melanogaster, has been used as a model organism for developmental genetic studies for over one hundred years, and research with this organism produced seminal findings such as the association of genes with chromosomes, the chromosomal basis for sexual identity, the mutagenic properties of X-irradiation and the isolation of the first tumour suppressor mutations. Drosophila researchers have developed an impressive array of sophisticated genetic techniques for analysis of gene function and genetic interactions. This review focuses on how these techniques can be utilised to study spermatogenesis in an organism with a generation time of 9 days and the capacity to introduce multiple mutant alleles into an individual organism in a relatively short time frame.
Introduction
Infertility in males can be caused by many different factors including genetic mutations that affect the spermatogenic process. It has been estimated that roughly 2000 genes are involved in the processes of human spermatogenesis, from testicular development through to the end stages of spermiogenesis (Bhasin et al. 2000) . Identification of the genes involved in mammalian spermatogenesis has largely occurred through the study of mouse models (Yatsenko et al. 2010) as (apart from pituitary and endocrine disorders or aberrations associated with the Y-chromosome) most cases of human male infertility are idiopathic and any genes identified are difficult to functionally verify in humans (Waclawska & Kurpisz 2012) . Although mouse models remain significantly important for the identification and functional characterisation of genes involved in spermatogenesis, other studies have also highlighted the powerful use of Drosophila melanogaster genetics to uncover genes involved in conserved spermatogenic processes. A recent study by Wu and coworkers, for example, perfectly demonstrates the potential of Drosophila for discovery and analysis of genes that are required for male fertility. In their well-designed study, Wu and coworkers utilised a multi-faceted approach in Drosophila to demonstrate a conserved requirement for the major spliceosome in spermatogenesis . The authors achieved this by identifying single nucleotide polymorphisms in humans that associate with non-obstructive azoospermia (NOA) and analysing the corresponding candidate loci in Drosophila using a range of tools that will be described in this review, thus demonstrating the advantages of analysing genes of interest to uncover function in Drosophila. The purpose of this review is not to compare human or mammalian spermatogenesis with Drosophila spermatogenesis per se, but to highlight the powerful technologies and resources available in Drosophila melanogaster that can be taken advantage of to rapidly uncover gene function, and how this can be useful for researchers studying spermatogenesis in other systems.
Drosophila anatomy
The genetic tractability of Drosophila melanogaster, along with its incredibly fast (less than 2 weeks) generation cycle has made it an excellent model system to discover and study genes and signalling pathways required for both early and late spermatogenesis. Spermatogenesis in Drosophila adults occurs in a coiled, blind-ended tube (Fig. 1A) . Approximately, 8-12 germline stem cells (GSCs) reside at the apical tip of this tube, and generally divide asymmetrically to produce two cells: a daughter stem cell and a gonialblast (GB) (Fig. 1B and C) . In a very similar process to mammalian spermatogenesis, the GB undergoes four rounds of mitotic divisions to generate a cyst of 16 inter-connected spermatogonial cells that ultimately differentiate into mature spermatocytes. These spermatocytes initiate a meiotic program that results in the generation of 64 haploid spermatids (Fuller 1993) . After maturation and elongation, sperm are transported to the seminal vesicle (Fuller 1993) . The developing germline cells are enclosed by somatic cyst cells, which are derived from cyst stem cells (CySCs), with two CySCs surrounding each GSC (Fig. 1B and C) . Drosophila spermatogenesis has been suggested to be analogous to the mouse neonate as the CySCs maintain their proliferative potential to continuously generate nascent Sertoli-like cyst cells. In the Drosophila testis, there is a high degree of cross-talk between the soma and germline, with the two populations of cells being highly inter-dependent in order for spermiogenesis to occur (Zoller & Schulz 2012) . The similarity in the tight association between germline and soma in Drosophila and mammalian testes implies that signalling pathways between germline and soma may be conserved from flies to mammals.
Tools to study the Drosophila testis niche: an imaging approach
GSCs reside in what is referred to as a stem cell niche (Li & Xie 2005) , which comprises a cluster of 10-15 non-dividing somatic hub cells, somatic cyst stem cells (CySCs) and the GSCs themselves (Fig. 1C) . GSC homeostasis is dependent upon cross-talk of signalling pathways between somatic CySCs and hub cells with GSCs (reviewed in de Cuevas & Matunis 2011 , Greenspan et al. 2015 . Janus Kinase-Signal Transducer and Activator of Transcription (JAK-STAT) signalling (Kiger et al. 2001 , Tulina & Matunis 2001 , Leatherman & Dinardo 2010 ; the bone morphogenesis protein (BMP) pathway (Kawase et al. 2004 , Michel et al. 2011 , Inaba et al. 2015 and hedgehog signalling (Michel et al. 2012 , Amoyel et al. 2013 , Zhang et al. 2013 ) are all involved in regulating early germ cell development, with short-range signals being received in the GSCs from either (or both) the hub cells or CyCSs.
The Drosophila testis niche has been extensively studied, and one of the advantages of using Drosophila to understand the genetic complexities of niches is that studies can easily be carried out in vivo (de Cuevas & Matunis 2011) . Cells in the apical tip of the testis are well defined anatomically and can be visually identified using fluorescent microscopy techniques and antibodies, which are readily available to the Drosophila community ( Fig. 2A , B, C and D). Many of these antibodies can be publically sourced from the Developmental Studies Hybridoma Bank (DSHB, http://dshb.biology.uiowa.edu/) at the University Figure 1 (A) Phase-contrast image of a wild-type testis. All stages of spermatogenesis can be observed in a single testis after dissection, light squashing and mounting and visualization using phase-contrast microscopy. Early germ cells reside at the testis apex, marked by an asterisk. Motile sperm can also be visualized with this technique as sperm is released from the seminal vesicle at the testis base. (B) Cartoon schematic diagram of spermatogenesis. Somatic hub cells (red) reside at the testis apex and act as a niche supporting 8-10 germline stem cells (represented in light blue). Cyst progenitor cells (yellow) surround each germline stem cell and also provide signals to germline stem cells to ensure proper differentiation and division. GSCs divide to produce daughter gonialblasts (blue), which are surrounded by differentiated somatic cyst cells (green). The gonialblast undergoes 4 rounds of division, which is the transit-amplifying stage of germ cell development (blue). A cyst of 16 spermatogonial cells undergo a growth phase and differentiate in mature spermatocytes (light green). Spermatocytes undergo meiosis to produce 64 haploid round spermatids (dark blue), which differentiate into 64 individualized sperm. (C) A cartoon schematic of the cells and local signalling pathways activated within the testis niche. Somatic hub cells (red) secrete the ligand unpaired (Upd), which in turn activate Janus Kinase-Signal Transducer and Activator of Transcription (JAK-STAT) signalling in adjacent GSCs (light blue) and CySCs (yellow) (Leatherman & DiNardo 2008 , Flaherty et al. 2010 . Hedgehog (HH) signals are also received by the CySCs from the hub cells (Amoyel et al. 2013 , Zhang et al. 2013 . The ligand Decapentaplegic (Dpp) is also secreted from the hub cells to activate Bone morphogenetic protein (BMP) signalling in adjacent GSCs (Inaba et al. 2015) GSCs divide to self-renew and produce a daughter gonialblast (blue). CySCs (yellow) similarly divide to self-renew and produce daughter cyst cells (green), which are fully differentiated and no longer divide, but rather encapsulate and support dividing cysts of germ cells.
of Iowa. Some of the more commonly used antibodies available from DSHB to label hub cells include antiFasciclin 3 (Gonczy et al. 1992) , anti-Armadillo and anti-dE-cadherin (Yamashita et al. 2003) or anti-dNcadherin (Siddall et al. 2006) . Antibodies that detect DE-cadherin and Armadillo expression are also useful for defining developing germline cysts in the apex of the testis. Antibodies that detect Vasa protein expression, which labels germ cells in the testis from stem cells to spermatocytes (Fig. 2) (Fabrizio et al. 2003) but is notably absent from CySCs (Leatherman & Dinardo 2008) . Anti-Broad-core (DSHB) can be used to label CySCs and progeny (Siddall et al. 2006) . Anti-1B1 (adducin-related protein) and anti-α-Spectrin (both from DSHB) label the fusome connecting germ cells (Lin et al. 1994) . Other common antibodies used for testis niche analysis include anti-Zfh1 and anti-Traffic-Jam (Li et al. 2003 , Leatherman & Dinardo 2008 for labelling CySC and anti-Stat92E for labelling of GSCs and CySCs (Flaherty et al. 2010) . In addition to antibodies, many fly reporter lines are available for the use of visualization of LacZ (detectable by X-gal staining or with an anti-β-galactosidase antibody), or fluorescent reporters, such as green fluorescent protein (GFP), in specific cells. Such lines include neuralized-lacZ and fringe-lacZ for marking early germ cells and cyst cells respectively (Terry et al. 2006) , bag-of-marbles-GFP for labelling transit-amplifying gonial cells from the 4 to 16-cell stage (Chen & McKearin 2003) and vasa-GFP for labelling of germ cells (Kelso et al. 2004 ) amongst many others. These fly lines can be sourced from various stock centres, all of which are listed on Flybase (http:// flybase.org/), a database used daily by the Drosophila community to glean information about genes of interest.
Recent development of transposon-based technologies has led to the generation of new tools to create GFPtagged lines for the visualization of protein and gene expression in different tissues. In Drosophila, the MinosMediated Integration Cassette (MiMIC) is a specialized transposon that carries two inverted attP sites that allow conversion of loci through ϕC31 recombinase-mediated cassette exchange (RMCE) (Venken et al. 2011) . These transposons contain a dominant body colour marker for easy screening and a stop cassette with a splice acceptor. Because of the stop cassette, when this transposon lands in an intron in the correct orientation, the result is a gene mutation. The presence of the attP sites allow for cassette exchange by simple recombination methods, thus allowing for the conversion of a MiMIC insertion into a protein-trap-containing GFP if the insertion is in a coding intron or a gene-trap if the MiMIC insertion is in the 5′ noncoding intron (Venken et al. 2011 , Gnerer et al. 2015 , Nagarkar-Jaiswal et al. 2015a . Over 7400 MiMIC insertions have been generated (Nagarkar-Jaiswal et al. 2015a) , and most are publicly available from the Bloomington Drosophila Stock Center (www.flystocks. bio.indiana.edu). Although this technology has not been used to study the expression of spermatogenesis genes in Drosophila, it enables the potential for collaboration between mammalian and fly researchers to conduct such studies. For example, we have tabulated a list of 60 MiMIC lines that have been recombineered to convert the insertion into a protein-trap or gene-trap tagged with GFP and noted the human orthologue (Table 1 ). The GFP tag would allow high-resolution analysis of expression of potential interesting genes prior to conducting any further mutational studies.
In Drosophila, the use of antibodies and reporter lines coupled with imaging techniques has provided remarkable insights into mechanisms that control early germ cell behaviour. For microscopy techniques, both fixed tissue and live cell imaging protocols have been developed to help understand how Drosophila testis germline homeostasis is normally maintained (Sheng & Matunis 2011 , Sitaram et al. 2014 ). Sheng and Matunis used live cell imaging to show that GSCs can divide both symmetrically and asymmetrically in normal tissue. They further showed that in nutrient-deprived tissue, de-differentiation of spermatogonial cells into GSCs is a mechanism for niche regeneration (Sheng & Matunis 2011) . Inaba and coworkers used both fixedtissue and live cell imaging to describe the presence of GSC protrusions (nanotubes) that extend into the hub (Inaba et al. 2015) . These nanotubes were visualized with a GFP-α1-tubulin84B reporter line, and live cell imaging was able to capture that these GSC nanotubes selectively traffic components of the niche signalling pathways between GSCs and hub cells. Their study was the first to demonstrate how short-range signals can be received by GSCs, and how GSCs may be distinguishable from their direct progeny (Inaba et al. 2015) . The powerful imaging techniques coupled with the ever-increasing numbers of reporter lines, MiMICs and antibodies available give Drosophila researchers the ability to characterise the expression pattern of genes of unknown function or orthologues of mammalian genes known to be required for male fertility.
Using GAL4-UAS and similar systems to study spermatogenesis
Somatic and germ cells in the testis can be genetically manipulated using many tools available to Drosophila melanogaster researchers. One tool is the ability to express or knockdown genes in specific cells using the well-established GAL4-UAS system from yeast (Brand & Perrimon 1993) . In this system, the yeast transcription factor (GAL4) is expressed in a spatially restricted manner using a cell-/tissue-specific promoter. The GAL4 protein then activates the expression of transgenes under the control of an upstream activator sequence (UAS) to which the GAL4 protein can bind. This technique can be further enhanced by introducing a temperaturesensitive GAL80 (GAL80 ts ) into the system, which inhibits GAL4 activation at permissive temperatures, but allows the expression of the UAS gene construct at restrictive temperatures, thus enabling stage and cellspecific expression of the gene of interest (reviewed in McGuire et al. 2004) . Multiple GAL4 'driver' lines exist for the testis and enable the expression of transgenes in hub cells, in cyst stem cells, in differentiated cyst cells and in the early germline of the testis (Table 2 ) (reviewed in White-Cooper 2012 , Demarco et al. 2014 . Figure 3 shows an example of utilisation of the GAL4-UAS system to overexpress components of the BMP signalling pathway specifically in germ cells in the apex of the Table 1 This table lists sixty genes (Nagarkar-Jaiswal et al. 2015a) where the MiMIC transposable element has been recombineered to convert the insertion into a protein-trap or gene-trap tagged with GFP. Fifty of the tagged Drosophila genes have direct human orthologues, eight have related human genes (asterisk) and two appear to not have related genes in the human genome. Most of these genes are yet to be examined for functions in spermatogenesis.
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testis. Expression of a constitutively active Thickveins (Tkv) transgene (UAS-Tkv ACT ) in early germ cells with the nanos-GAL4 driver results in an over-proliferation of early germ cells, which can be readily visualized by phase-contrast microscopy ( Fig. 3B ) (Bunt & Hime 2004) . Tkv is a type I receptor for the decapentaplegic (Dpp) morphogen. In contrast, overexpression of a molecule that blocks Dpp activity, the inhibitory SMAD Daughters against Decapentaplegic (Dad), in the early germline with the nanos-GAL4 driver results in a loss of germ cells, which can also be readily visualized by phase-contrast microscopy (Fig. 3C) . These experiments clearly highlight the power of the GAL4-UAS system in driving transgene expression in a cell-specific manner.
Our lab also recently conducted a screen and identified useful Gal4 driver lines for expression of transgenes in late spermatogonial cells and in early spermatocytes (Bunt et al. 2012) , adding to the abundant collection of GAL4 driver lines available to researchers in Drosophila spermatogenesis. Table 2 lists some of the more commonly used GAL4 drivers to drive the expression of target UAS transgenes in various cell types in the testis.
The GAL4-UAS system can also be used to knockdown genes in specific cells by RNA interference (RNAi), where transgenic animals with an RNAi hairpin under the control of UAS have been generated for most genes in Drosophila and are available from the Vienna Drosophila Stock Center (VDRC, www.stockcenter. vdrc.at), from the Transgenic RNAi Project (TRiP) at the Bloomington Drosophila Stock Center and from the Japanese-based National Institute of Genetics (NIG). Using cell-specific GAL4 drivers to knockdown gene function by RNAi can enable cell-specific analysis of gene function.
Our lab has had continued success utilising the GAL4-UAS-based strategy to study early spermatogenesis. For example, the RNA-binding protein Held Out Wings (HOW) was identified as a major player in the regulation of GSCs through an overexpression study, whereby overexpressing UAS-HOW specifically in early germ cells with the nanos-GAL4 driver caused a slight overproliferation of the early germline identified by phasecontrast microscopy (Monk et al. 2010) . In this study, we also used transgenic RNAi lines and overexpression lines, together with other techniques, to demonstrate a requirement for HOW in maintaining GSCs and the numbers of spermatogonial cell divisions through regulation of Cyclin B and Bam (Monk et al. 2010) .
Systems analogous to GAL4-UAS, such as the QF-QUAS binary system (Potter & Luo 2011) and the LexA-lexAop system (Lai & Lee 2006) have since been developed in Drosophila melanogaster and will become useful additional and complementary tools for the study of gene function in spermatogenesis (reviewed in del Valle Rodriguez et al. 2012) , particularly for the ability to differentially regulate expression of separate genes within the one tissue. Regulation of genes within an intersecting pattern of promoter activities is now possible with the development of transgenic lines that drive half of a split-GAL4 molecule also. In this system, GAL4 activity is only achieved in cells where both halves of the functional molecule are expressed (Pfeiffer et al. 2010) .
In addition to UAS-RNAi-based approaches to knockdown gene function, MiMIC technology also allows for knockdown in Drosophila, again, expanding the tools and resources available to Drosophila researchers. As described previously, insertion of a MiMIC in a coding intron in the correct orientation can disrupt gene function (Venken et al. 2011) . Exchange of the MiMIC by RMCE with a specifically designed cassette causes the introduction of an artificial exon encoding a protein tag such as GFP. In most cases, this rescues gene function while simultaneously allowing for cellular detection of the protein encoded by the gene by GFP analysis (Nagarkar-Jaiswal et al. 2015b) . These GFP-tagged proteins can be targeted for knockdown by making use of transgenic RNAi lines targeting GFP or by a ubiquitination-based deGradFP (degrade green fluorescent protein) approach thus allowing for a mechanism of protein knockdown without the potential complication of knocking down off targets (Nagarkar-Jaiswal et al. 2015b) . deGRADFP is a method for inactivating GFP-tagged proteins. A single-domain antibody fragment against GFP (vhhGFP4) is fused to the (Siddall et al. 2006) . Where lethality occurs during embryogenesis or where a gene is expressed in multiple cell types, FRT (flippase recognition target)-mediated recombination has been incredibly useful in elucidating gene function in specific cell populations in the testis. This technique allows for controlled induction of mitotic recombination events and is often performed by expressing the flippase (FLP) enzyme under the control of a heat-shock (hs) promoter. A hs promoter enables the expression of high FLP levels at specific developmental time points. Activation of FLP allows for recombination between two homologous chromosome arms carrying flippase recognition target (FRT) sites in mitotically dividing cells, where one chromosome arm carries a GFP reporter under the control of a ubiquitous promoter, whereas the other carries a mutation in a gene of interest. Thus, homozygous mutant cells no longer expressing a marker such as GFP can be generated in an otherwise heterozygous background where the health of the organism is uncompromised (Xu & Rubin 1993) . Using this technique, our lab was able to delineate an intrinsic role for Msi in GSC maintenance, despite Msi being expressed in somatic cells of the niche in addition to the germline (Siddall et al. 2006) . Figure 4A and B show examples of negatively marked clones in the testis. (Lee & Luo 1999 , del Valle Rodriguez et al. 2012 . MARCM is also a FRT-based recombination technique, which utilises the addition of the GAL4-UAS system and the GAL80 represser to enable the expression of a marker such as GFP in homozygous mutant cells after inducing recombination by heat shock (Fig. 4C ). In the heterozygous and homozygous wild-type tissue, a GAL80 transgene under the control of a ubiquitous promoter represses GAL4 activity and prevents the expression of the reporter GFP. FRT target recognition sites are located proximal to the mutation of interest in one chromosome arm and proximal to GAL80 in the homologous chromosome arm. Heat shockinduced mitotic recombination generates homozygous mutant clones that have lost the repressive GAL80 and are thus labelled by the expression of GFP. GFP can be visualized in all mutant clones if it is driven by a ubiquitous GAL4 driver or in only a subset of the mutant cells when using a specific GAL4 driver. This system has proved most useful to study the somatic cell lineage in the testis, with GFP-positive marked CySCs more readily visualized in whole testis tissue than negatively marked cells (Leatherman & Dinardo 2008 , Amoyel et al. 2014 , Voog et al. 2014 . MARCM also allows for the generation of clonal cells overexpressing a transgene because it combines Flp-FRT with the GAL4-UAS system. For example, Amoyel and coworkers recently deployed MARCM to show that Mitogen-Activated Protein Kinase (MAPK) is a major regulator of CySC competition for niche occupancy by creating positively marked clones specifically overexpressing MAPK (Amoyel et al. 2016) . Thus, MARCM analysis allows for analysis of gene function in marked cells as well as lineage tracing.
Optimization of the lineage tracing system has occurred through the development of techniques such as G-Trace, which has further advanced the capabilities of Drosophila researchers (reviewed in Griffin et al. 2014) . The G-Trace system combines the Gal4-UAS system with the Flp-based recombination system to enable a readout of GAL4 activity in real time, while at the same time allowing for permanent labelling of cells that express GAL4 or were derived from GAL4-expressing cells (Evans et al. 2009 ). In this system, a gene-specific GAL4 driver allows the expression of a reporter such as RFP (red fluorescent protein), thus reporting current gene expression. GAL4 simultaneously activates FLP expression also, which leads to the excision of a stop cassette and enables the expression of a second reporter, GFP, under the control of a ubiquitous promoter. GFP expression is permanent and inheritable and reports the history of expression of this gene. Therefore, G-TRACE provides both a spatial and a temporal readout of the expression of a gene of interest (reviewed in del Valle Rodriguez et al. 2012) . G-Trace has been successfully utilised in the Drosophila testis to show a change of fate from hub cells to cyst cells upon loss of escargot (Voog et al. 2014) . As other derivations of GAL4-UAS-and FRTbased technologies are enhanced, applications of newer technologies will be useful for future studies in Drosophila spermatogenesis.
Finally, a note should be made that FRT-based technologies are dependent upon recombination between homologous chromosomes; therefore, they exclude genes on the X chromosome. Demarco and coworkers have nicely reviewed ways to circumvent this problem with the use of genomic rescue constructs or the actin-based flipout system (reviewed in Demarco et al. 2014) , making the study of X chromosome mutations in spermatogenesis easier to achieve. 
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Techniques for studying gene function at later stages in spermatogenesis
So far, this review has focused on the range of genetic tools available for the study of processes in early spermatogenesis. The GAL4-UAS-based strategies rely on GAL4 lines driving the expression in cells in the apical section of the testis, with few GAL4 drivers able to successfully drive expression in spermatocytes (Bunt et al. 2012 , White-Cooper 2012 . In her review of spermatogenesis, White-Cooper notes that the likely reason some GAL4 lines do not work is related to the timing of GAL4 expression relative to the timing of shut-down of transcription that occurs in maturing primary spermatocytes, leading to the inability of GAL4 accumulation to high enough levels to drive the expression of a transgene. Therefore, expressing GAL4 in early primary spermatocytes with drivers such as bag-of marbles-GAL4 (bam-GAL4) can circumvent this problem, and some success using bam-GAL4 to drive RNAi in spermatocytes has been achieved (WhiteCooper 2012). Phenotypic analysis of gene function at later stages of spermatogenesis relies heavily upon immunofluorescence or phase-contrast microscopy. Because spermatocytes are large, meiotic progression can easily be visualized in live testes by phase-contrast microscopy. In particular, haploid spermatids at a particular stage of development, referred to as the 'onion stage', can be easily observed using light microscopy techniques and can form the basis of genetic screens to identify factors involved in cytokinesis or chromosomal segregation (reviewed in Giansanti & Fuller 2012). For example, by dissecting testes and simply gently squashing them under a coverslip and using phasecontrast microscopy to visualize the cells, we were able to identify meiotic defects in msi mutant animals ( Fig. 5 ) (Siddall et al. 2006) . Additionally, simple phase-contrast microscopy can be used to examine the number of early spermatocytes or early spermatids in cysts, allowing for the identification of mutations causing a reduction or increase in the number of spermatogonial divisions in the transit amplification stage (Monk et al. 2010) . The simplicity of this technique in Drosophila makes it a useful tool for the identification of orthologous factors that may be involved in similar processes in mammalian systems. A comprehensive review on the recent discoveries of genes involved in cytokinesis and advantages of using Drosophila to study cytokinesis in male meiosis provides a nice summation of this topic (Giansanti & Fuller 2012) .
In Drosophila, the final stages of spermiogenesis, including chromatin re-organization, re-modelling of mitochondria and nuclei, formation of flagellar axonemes and acrosomes and polarisation of elongating cysts have been well described (Fabian & Brill 2012) . These post-meiotic events were originally believed to be driven by translation, as transcription of genes required for spermiogenesis were thought to occur in primary spermatocytes, with mRNAs stored in spermatids and translated during elongation (reviewed by Schafer et al. 1995) . In contrast, transcription of genes required for mammalian spermiogenesis continues to occur postmeiotically (Schultz et al. 2003) . By simple isolation of Drosophila spermatid bundles under a microscope on a siliconised slide, followed by quantitative RT-PCR, Barreau and coworkers were able to provide evidence of post-meiotic transcription in Drosophila spermatids (Barreau et al. 2008) . In their paper, Barreau and coworkers nicely describe how cysts can be staged using various GFP or RFP-tagged reporter lines, such as Mst35Ba-GFP (protamine-GFP), H2A-mRFP1 (histone-RFP) and Tpl94D-GFP (transition protein-GFP). Using this technique, they were able to describe the initiation of transcription of comet and cup genes prior to the deposition of transition proteins, in mid-elongation spermatids expressing histone-RFP but not protamine-GFP (Barreau et al. 2008) , once again highlighting the advantages of using simple fluorescence, readily available reporter lines and microscopy in Drosophila to further our understanding of spermiogenesis.
CRISPR/Cas9 genome editing to study all stages of spermatogenesis
Genome editing technologies that take advantage of guiding different nuclease enzymes to selected target sites in the genome make it possible to engineer mutations in Drosophila and other organisms (Gaj et al. 2013 , Mali et al. 2013 , Beumer & Carroll 2014 . The most promising of these technologies is the CRISPR/ Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated) system. CRISPR/Cas-9 is a system that consists of two components, the Cas-9 endonuclease that cleaves DNA, and the guide RNA that targets DNA sequences, thereby conferring target specificity. The RNA-guided DNA cleavage results in the formation of double-stranded breaks, which leads to small deletions and insertions and deletions (indels) at the target sites as a result of inefficient repair by nonhomologous end joining (NHEJ) (Bassett et al. 2013 , Gratz et al. 2013 . This technology enables researchers to generate mutations in any gene of interest. The study by Wu and coworkers, referred to at the beginning of this review, successfully used the CRISPR/Cas-9 technology in combination with other tools to uncover a conserved and specific requirement for the major spliceosome during the transition from spermatogonial proliferation to differentiation in the male testis . In their study, Wu and coworkers used Drosophila to evaluate the function of an SNP locus strongly associated with non-obstructive azoospermia (NOA) . Initially, using the GAL4-UAS system coupled with RNAi, they analysed the function of conserved genes identified within a genomic region closely associated with NOA. From this analysis, Wu and coworkers found that knockdown of U2A, the orthologue of hSNPRA1, resulted in male sterility in Drosophila. Using a range of genetic tools including CRISPR/Cas9 technology to create a mutant, construction of rescue constructs under the control of a heat-shock promoter allowing for conditional expression of a rescue transgene, cellspecific GAL4 lines for expression in the germline or soma and immunohistochemical analysis using cellspecific antibodies already described in this review. This study also revealed that U2A, a component of the spliceosome, impairs spermatogonial differentiation and abolishes the maturation of germ cells into sperm . Interestingly, ubiquitous expression of hSNPRA1 in U2A knockdown flies both was able to restore fertility and rescue lethality of the mutant flies, showing functional conservation of the protein. Indeed, the authors reported that several missense mutations in human SNPRA1 that inhibit spliceosome assembly dominantly disrupt Drosophila spermatogonial differentiation . This study is a great example of how the use of CRISPR/Cas-9 can be coupled with other powerful genetic techniques in Drosophila to uncover the roles for previously unknown genes in human male fertility. CRISPR/Cas-9 technology has recently been further enhanced in another study to uncover critical roles for long noncoding RNAs (lncRNAs) in Drosophila spermatogenesis. lncRNAs of greater than 200 nucleotides are a recently discovered class of cellular RNAs that play a role in the regulation of a wide range of cellular processes (for a detailed review on lncRNAs see Kung et al. 2013) . Genome-wide transcriptome analyses have revealed that the largest repertoire of lncRNAs is expressed in the testis of Drosophila (Brown et al. 2014) and other species (Djebali et al. 2012 , Nam & Bartel 2012 . Wen and coworkers developed the CRISPR/Cas-9 technology to conduct a large-scale gene knockout study of lncRNAs in the testis . By using a guide RNA, the Cas-9 mRNA and a homologous recombination donor plasmid to perform precisely targeted deletions of entire lncRNAs via homologous recombination, Wen and coworkers were able to rapidly delete 105 testis-specific Drosophila lncRNAs . Furthermore, their study showed that 33 of these deletion mutants exhibited reduced male fertility and that many lncRNAs are required for late spermatogenesis processes such as nuclear condensation and morphogenesis and spermatid individualization . This study clearly demonstrates how genome editing can rapidly uncover new aspects of regulation of spermatogenesis in Drosophila.
Using Drosophila to study human male infertility
Spermatogenesis is a highly conserved process from fly to human, and although some differences in the control of hormonal regulation and testicular structure have been described, many of the genes involved in Drosophila spermatogenesis are conserved in humans. A good example of this is Boule, where mutations in Drosophila boule cause sterility due to meiotic arrest, and mutations in a human orthologue, DAZ, result in azoospermia (Eberhart et al. 1996) . Furthermore, insertion of a human paralog of DAZ (BOLL) transgene into Drosophila has been shown to rescue meiotic defects in boule mutant Figure 6 Schematic illustration of spermatogenesis with lists of conserved genes (Drosophila first followed by human gene) and gene pathways that have been associated with specific stages of germ cell development. Greater conservation of gene function is apparent in pre-meiotic and meiotic stages.
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www.reproduction-online.org flies (Xu & Rubin 1993) , suggesting that DAZ may encode a key switch that regulates the progression of germ cells in men. Some other examples of proteins that have been shown to have roles in both the fly germline and mammalian spermatogenesis include Drosophila Vasa and its murine orthologue MVH, and Drosophila Piwi and its murine orthologue Miwi (Tanaka et al. 2000 , Deng & Lin 2002 . A study by Bonilla and Xu used a genomic in silico approach to identify novel mammalian spermatogenic genes conserved from fly to human (Bonilla & Xu 2008) . Their approach to identify developmentally regulated testis-specific genes phylogenetically conserved across metazoans yielded 12 previously uncharacterized candidate fertility factors in mammals. This was amongst 58 identified genes, some of which had already been reported to be involved in spermatogenesis (Bonilla & Xu 2008 ).
Many genes have been shown to have conserved roles in spermatogenesis between Drosophila and mammals (Fig. 6 ). This functional conservation is more often observed in pre-meiotic and meiotic stages and may relate to the greater interspecies morphological similarity observed between these cell types. Spermatozoa vary widely in morphology (even within mammalian groups), and the post-meiotic maturation processes also show some variation. That is not to say that processes such as histone replacement by protamines, and nuclear condensation probably utilise similar mechanisms in Drosophila and mammals. The role of spermatozoa is to fertilize eggs of the same species, and hence, in many cases, mechanisms have evolved to prevent interspecies fertilization. It is therefore not surprising that the greatest differences in male germ cell development would be observed in post-meiotic stages. Comparison of gene function between Drosophila species that have diverged by up to 50 million years of evolution does show some remarkable conservation of post-meiotic gene function. Examination of lncRNA function within Drosophila melanogaster spermatogenesis identified 33/105 lncRNAs that, when mutated via CRISPR, are necessary for late spermatogenesis. The lncRNAs that produce spermatogenic defects when mutated are much more highly conserved across the Drosophila species than other lncRNAs demonstrating that acquisition of a functional requirement during gametogenesis results in much slower evolutionary change .
This review has intended to draw attention to readers the vast range of genetic tools available in Drosophila, particularly for the study of spermatogenesis. With an estimated 2000 genes involved in human testicular development, germ cell differentiation, meiosis and successive stages of spermiogenesis (Bhasin et al. 2000) , many of which are functionally conserved in Drosophila, flies allow a unique opportunity to study the potential role of these genes in fertility using a wide range of approaches.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of this review.
